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Preliminary analysis of PGRP-LC gene and structure characteristics in bumblebees
Introduction
Bumblebees are important pollinators and play a key 
role in agricultural and natural ecosystems (An et al., 2014; 
P Williams, Colla, & Xie, 2009). However, bumblebees are 
facing various threats, such as climate change, pesticides 
and pathogens, which result in the decline of bumblebee 
populations in many areas of the world (Goulson, Lye, & 
Darvill, 2008; Meeus, Brown, De Graaf, & Smagghe, 2011). 
Moreover, the development of commercial bumblebees 
is enhancing the spread of pathogens (Meeus et al., 2011). 
Thus, research on closely related immune responses to 
pathogens is necessary. For insects, resistance to pathogens 
occurs through innate immunity, and responses to pathogens 
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are mainly triggered by insect pattern recognition receptors 
(PRRs) recognition of pathogen-associated molecular 
pattern (PAMPs), such as lipopolysaccharide, lipteichoic 
acid, peptidoglycans (PGNs), and β-1,3- dextran, which are 
produced by most pathogenic microorganisms (Yu, Zhu, Ma, 
Fabrick, & Kanost, 2002). PGNs are among the most important 
constituents of gram-negative and -positive bacterial cell 
walls and can be divided into Dap-type PGN and Lys-type 
PGN according to differences in the third amino acid of the 
short peptide (Schleifer & Kandler, 1972). Dap-type PGN is 
largely found in all gram-negative bacteria and some gram-
positive bacteria, e.g., Bacillus and Clostridium spp., whereas 
Lys-type PGN is mainly found in gram-positive bacteria 
and is absent in gram-negative bacteria (Kurata, 2014). 
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PGNs are mainly recognized by peptidoglycan recognition 
proteins (PGRPs), which activate the expression and release of 
antimicrobial peptides through two main immune pathways: 
the Toll pathway and the Imd pathway (Steiner, 2004).
As important PRRs, PGRPs were first isolated from 
Bombyx mori (Yoshida, Kinoshita & Ashida, 1996), and 
PGRP genes were later found to be widely distributed among 
various animals, except for nematodes, but are absent in 
plants (Kang, Liu, Lundstrom, Gelius & Steiner, 1998; 
Royet, Gupta & Dziarski, 2011). Four PGRPs, PGLYRP1, 
PGLYRP2, PGLYRP3 and PGLYRP4, exist in mammals, 
play a role in bactericidal activity against both gram-positive 
and gram-negative bacteria, and share a functional domain 
with N-acetylmuramoyl-l-alanine amidase (Kang et al., 1998; 
Liu, Xu, Gupta & Dziarski, 2001; Lu et al., 2006; Wang et al., 
2007). In contrast to mammals, insects have more PGRP genes, 
which can be divided into long (PGRP-L) and short (PGRP-S) 
types based on the size of the transcript (Werner et al., 2000). 
For example, the Drosophila genome contains 13 PGRP genes, 
including 7 PGRP-Ss (PGRP-SA, PGRP-SB, PGRP-SC (A/b), 
PGRP-SC2, PGRP-SD) and 6 PGRP-Ls (PGRP-LC, PGRP-LF, 
PGRP-LE, PGRP-LD, PGRP-LA, PGRP-LB) (Kurata, 2014; 
Werner et al., 2000). PGRP-SA and PGRP-SD bind to Lys-type 
PGN and Dap-type PGN, respectively, and mediate activation 
of the Toll pathway (Bischoff et al., 2004; Michel, Reichhart, 
Hoffmann & Royet, 2001). Conversely, PGRP-LB, PGRP-LA, 
PGRP-LE and PGRP-LC activate and regulate the Imd pathway 
(Gendrin et al., 2013; Goto et al., 2010; Zaidman-Remy et al., 
2006). Drosophila PGRP-LC is expressed as three types of 
splicing proteins (PGRP-LC a/x/y) with the same intracellular 
domain but with different extracellular domains (Choe, Werner, 
Stoven, Hultmark & Anderson, 2002; Royet & Dziarski, 2007; 
Werner, Borge-Renberg, Mellroth, Steiner & Hultmark, 2003). 
PGRP-LCx mainly recognizes Dap-PGN and activates the Imd 
pathway with the assistance of PGRP-LCa, and the PGRP-
LCx-LCa-TCT (tracheal cytotoxic) complex identifies assisted 
residues and contact residues (Chang, Chelliah, Borek, Mengin-
Lecreulx & Deisenhofer, 2006; Chang et al., 2005). However, 
there is no research to date on PGRP-LC from other insects. 
In this study, the characteristics of the mature Bombus PGRP-
LC protein were determined, and phylogenetic analysis was 
performed. In addition, pure B. lantschouensis PGRP-LC (Bl-
PGRP-LC) inclusion bodies, soluble GST-Bl-PGRP-LC fusion 
protein and soluble Bl-PGRP-LC protein were obtained in vitro. 
The results provide an important basis for further research on the 
function and structure of bumblebee PGRP-LC.
Materials and Methods
Bumblebee PGRP-LC cloning and genome schematic diagram
Samples of worker bees of 16 bumblebee species 
(including Bombus impetuosus, B. melanurus, B. difficillimus, 
B. lemniscatus, B. ladakhensis, B. friseanus, B. keriensis, 
B. pyrosoma, B. koreanus, B. ignitus, B. lantschouensis, B. 
longipennis, B. consobrinu, B. picipes, B. patagiatus and B. 
kashmirensis) were collected in northern China in summer 
between 2016 and 2018. All samples were collected and 
stored at -80 °C for RNA extraction. Total RNA was isolated 
from the 16 species workers using TRIzol (Invitrogen, USA) 
according to the manufacturer’s instructions. cDNA was 
synthesized according to the High-capacity cDNA Reverse 
Transcription kit (Thermo Fisher Scientific Inc., MA, USA). 
PGRP-LC genes were amplified using 1 μL cDNA, 1 μL 
primers (cloning primers and expression primers), 25 μL PCR 
enzyme and 23 μL nuclease-free water under the following 
conditions: step 1, 94 °C for 3 min; step 2, 94 °C for 30 sec, 
55 °C for 30 sec, and 72 °C for 1 min (32 cycle); step 3, 72 °C 
for 7 min. PGRP-LC genes were aligned to the genome of the 
European bumblebee Bombus terrestris to identify genome 
structure. In addition, 3’RACE was performed to detected 
the spliceosome of PGRP-LC using the 3’-Full RACE Core 
Set with PrimeScript™ RTase kit (Takara Bio Inc.). The 
forward primer (RACE-F) was designed according to the 
PGRP-LC genes of the America bumblebee B. impatiens 
and the European bumblebee B. terrestris (GenBank NO. 
XP_012238222.1 and XP_020719583.1) (Table 1). 
Cloning primers were designed according to the sequence 
of PGRP-LC from the 3’RACE results (Table 1). Primers for 
analyzing expression were designed by adding restriction 
enzymes for different expression vectors (EcoR I, Xho I for 
pET21a and BamH I, Xho I for pGEX-6p-1) (Table 1). PCR 
products were digested and ligated into the cloning vector 
pMD18-T and expression vectors pET21a and pGEX-6P-1 using 
T4 DNA ligase at 16 °C. The ligated constructs were transformed 
into Escherichia coli strain DH5α and cultured overnight at 
37 °C with LB medium. These plasmids were extracted using 
Axygen Plasmid Kit (Axygen Scientific Inc., CA, USA).
Sequence alignment and phylogenetic analysis
Alignment of bumblebee PGRP-LC amino acid (AA) 
sequences was performed with the Clustal Omega server 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and Jalview Desktop 
(http://www.jalview.org/). Phylogenetic analysis of PGRP-LC 
AA sequences from Megachile rotundata, Eufriesea mexiacana, 
Dufourea novaeangliae, Apis mellifera, Apis cerana, Apis 
florea, Apis dorsata and the 16 bumblebee species from seven 
subgenera was performed using the maximum likelihood 
method based on the Whelan and Goldman model (Whelan & 
Goldman, 2001) and MEGA version 7.0.26 (Kumar, Stecher, 
& Tamura, 2016) with a JTT+G model.
Preparation of PGRP-LC protein, analysis of hydrophobic 
properties and structural modeling
In this study, the B. lantschouensis PGRP-LC (Bl-PGRP-
LC) gene was used to construct expression plasmids (pET21a/
PGRP-LC and pEGX-6p-1/PGRP-LC). These expression 
plasmids were transformed into E. coli strain Transseta (DE3), 
and expression in ampicillin LB medium at 37 °C and 16 °C 
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(for pEGX-6p-1/PGRP-LC) was induced by 0.1, 0.2, 0.4, 0.6, 
0.8, or 1 mM IPTG at OD = 0.4, 0.6, 0.8, or 1.0. The bacteria 
were harvested by centrifugation at 8000×g for 3 min at 4 °C 
and then resuspended in cold phosphate-buffered saline (PBS). 
After sonication, the samples were centrifuged at 11,000 ×g, 
and the supernatants and pellets were collected for SDS-
PAGE analysis. Inclusion bodies were washed three times 
with a solution consisting of 20 mM Tris (pH 8.0), 100 mM 
NaCl, 1 mM EDTA, 1 mM DTT and 0.5% Triton X-100. The 
supernatants were filtered through a 0.22-μm filter and then 
purified on a GST column using binding buffer (140 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 
7.3) and elution buffer (50 mM Tris (pH 8.0), 10 mM reduce 
glutathione) and a Superdex 200 10/300 increase column with 
50 mM Tris (pH 8.0)/150 mM NaCl. Purified proteins were 
collected and digested with the PSP enzyme and analyzed by 
SDS-PAGE. Protein functional domains and hydrophobic 
properties were predicted by SMART (http://smart.embl-
heidelberg.de/) and HCA (http://mobyle.rpbs.univ-paris-diderot.
fr/cgi-bin/portal.py?form=HCA#forms::HCA). The structure 
of Bl-PGRP-LC was modeled by SWISS-MODEL (https://
swissmodel.expasy.org/) and evaluated by the GMEQ and 
QMEAN values (Biasini et al., 2014; Bienert et al., 2017; Bordoli 
et al., 2009; Guex, Peitsch, & Schwede, 2009; Waterhouse et 
al., 2018) with template (PDB ID: 2f2l). Structural analysis was 
performed using PyMOL (DeLano Scientific LLC).
Results
Bumblebee PGRP-LC sequence alignment and phylogenetic 
analysis
PGPR-LC genes encoding the complete mature peptide 
for the 16 bumblebee species were cloned from cDNA, and 
an expected length of 1254 bp was observed by agarose gel 
electrophoresis (Fig 1A). Based on alignment to the B. terrestris 
and B. impatients genomes, PGRP-LC consists of four 
exons (Exon 1: 6645776 nt-6646784 nt, Exon 2: 6647933 
nt-6648518 nt, Exon 3: 6649718 nt-6649876 nt, Exon 4: 
6650035 nt-6650667 nt), with a length of 2742 bp (Fig 1B). 
The 3’RACE of B. lanschouensis PGRP-LC showed only one 
pure band based on the template RNA (Fig 1C). This band was 
extracted and cloned into T vectors followed by sequencing, 
and the results showed that the sequences were same between 
different clones (Fig S1; see supplemmentary material - doi: 
10.13102/sociobiology.v66i2.4239.s2269). AA alignment of 
the bumblebee PGRP-LCs revealed high conservation, with 
identity above 90% (Fig 2). However, diverse non-conserved 
sites distributed on different domains, including the intracellular 
domain, transmembrane domain and PGRP domain, consisting 
of α helix, β sheets and loops, were found among the different 
species (Fig 2 and S2A). Additionally, bumblebees from the 
same subgenus share fewer diverse sites compared with those 
from different subgenera. Phylogenetic tree analysis showed 
that bumblebees from the same subgenus cluster into the same 
clade and that different subgenera group into different clades, 
with the following evolutionary order of different bumblebee 
species PGRP-LCs: Subterraneobombus, Megabombus, 
Melanobombus, Bombus (Fig 3). Bumblebees and honeybees 
were distributed in the two parallel clades, and compared to 
honeybees and bumblebees, Megachile rotundata and Dufourea 
novaeangliae were located on a more distant clade (Fig 3).
Primer name Primer sequences Purpose
RACE-F ATGGTGACATTGGTGCAACAGC
3’RACE
3’RACE Outer Primer TACCGTCGTTCCACTAGTGATTT
PGRP-LC-F ATGGTGACATTGGTGCAACAGC
Cloning primer
PGRP-LC-R TTATGGCGATGGTGCCAATGGG
LC-EF1 CGGAATTCACTACCACGACCTCTGTGGTTTTTC
Expression 
primersLC-ER1 CCGCTCGAGTTATGGTGACCAATGGG
LC-EF2 CGGGATCCACTACCACGACCTCTGTGGTTTTTC
Table 1. Primers used in this study.
Fig 1. Cloning and genome schematic diagram of PGRP-LC gene in 
bumblebees. A. Cloning of the PGRP-LC gene from 16 bumblebee 
species with template cDNA. B. Schematic diagram of bumblebee 
PGRP-LC genes based on alignments to the B. terriestris and B. 
impatients genomes; exons are marked by orange bars, introns are 
marked by a black line, and the number represents the position in the 
genome. C. B. lantschouensis RNA extraction and 3’RACE results 
of the PGRP-LC gene with template B. lantschouensis RNA.  
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Expression and purification of the PGRP-LC protein of 
Bombus lantschouensis
The PGRP domain of the mature PGRP-LC protein of 
B. lantschouensis (Bl-PGRP-LC) was expressed in E. coli. 
After induction, pET21a/Bl-PGRP-LC was found in inclusion 
bodies at OD 0.4, 0.6, 0.8, and 1.0 and 0.4 mM, 0.6 mM, 
0.8 mM, and 1.0 mM IPTG. A clearly defined band appeared 
at a predicted mass weight of approximately 21 kDa after 
expression at 37 °C (Fig 4A). The yield of protein purified from 
inclusion bodies was 50% (Fig 4B). Property analysis showed 
that Bl-PGRP-LC contains several hydrophobic clusters, 
which might prevent the correct refolding of Bl-PGRP-LC 
and expression of a soluble protein (Fig S2B). pGEX-6p-1/
Bl-PGRP-LC was also induced using various conditions and 
found in inclusion bodies, except for OD 0.8 and 0.6 mM 
IPTG at 16 °C (Fig 5A). The mass weight was identical to the 
predicted 48 kDa. The lysate supernatant was purified using 
Fig 2. Amino acid alignment of the PGRP-LC protein from 16 bumblebee species. GenBank accession numbers are as follows: B. terrestris, 
NO.XP_020719583.1; B. impatiens, NO.XP_012238222.1; B. impetuosus, NO.MK061352; B. melanurus, NO.MK061347; B. difficillimus, 
NO.MK061348; B. lemniscatus, NO.MK061349; B. ladakhensis, NO.MK061346; B. friseanus, NO.MK061350; B. keriensis, NO.MK061353; 
B. pyrosoma, NO.MK061355; B. koreanus, NO.MK061343; B. ignitus, NO.MK061342; B. lantschouensis, NO.MK061344; B. longipennis, 
NO.MK061345; B. patagiatus, NO.MK061354; B. kashmirensis NO.MK061351. α helices, β sheets and continuous loops are marked by blue 
bars, green arrows and gray lines respectively.
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Fig 3. Phylogenetic analysis of PGRP-LC from Bombus and other species, including Apis, Megachile and Drosophila (outgroup), reconstructed 
based on amino acids using the neighbor-joining method in MEGA7. The phylogeny assessment was carried out using a bootstrap analysis 
of 1000 replications, and the bootstrap values are shown for each node of the tree. GenBank accession numbers are as follows: Eufresea 
Mexicana, XP_017759657.1; Apis florea X1, XP_003693124.1; Apis florea X2, XP_012341056.1; Apis dorsata X1, XP_006618726.1; 
Apis dorsata X2, XP_006618727.1; Apis cerana, XP_016914774.1; Apis mellifera X1, XP_392452.2; Apis mellifera X2, XP_026297747.1; 
Megachile rotundata X1, XP_012138565.1; Megachile rotundata X2, XP_012138566.1; Megachile rotundata X3, XP_012138567.1; 
Megachile rotundata X4, XP_003702406.2; Dufourea novaeangliae, XP_015429839.1; Drosophila hydei, XP_023178744.1.
Fig 4. Optimized expression and purification of pET21a/Bl-PGRP-LC. A. Optimization of the expression conditions for pET21a/Bl-PGRP-LC, 
including OD values and IPTG concentrations at 37 °C for 5 h. M: Protein molecular weight marker; OD values: 0.4, 0.6, 0.8, 1.0; IPTG 
concentrations: 0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM. B. Purification of Bl-PGRP-LC inclusion bodies; M: protein molecular weight marker.
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a GST column followed by the Superdex200 10/300 increase 
column, and a pure band was observed by SDS-PAGE (Fig 5B). 
Furthermore, the GST-tag was successfully cleaved by the 
PSP enzyme (purified by our lab), and pure GST-tag and Bl-
PGRP-LC bands were visualized by SDS-PAGE (Fig 5C).
Structural characteristics of Bl-PGRP-LC
The structure of Bl-PGRP-LC was modeled with 
a reliable value (GMEQ=0.32 and QMEAN=-0.42). Bl-
PGRP-LC exhibits a conserved overall structure with that of 
Drosophila PGRP-LCx and PGRP-LCa and consists of four α 
helices, α1, α2, α3, and α4, five sheets and loops, β1, β2, β3, 
β4, and β5 (Fig 6A). Bl-PGRP-LC retains conserved cysteines 
and shares 46.78% and 43.27% identity with Drosophila 
PGRP-LCx and PGRP-LCa, respectively (Fig 6A and B). 
Moreover, nine of the eleven contact residues of Drosophila 
PGRP-LCx involved in the binding of TCT are conserved in 
Bl-PGRP-LC (Fig 6B and C).
Discussion
PGRPs are the key pattern recognition receptors in the 
insect innate immune system and are divided into two types: 
PGRP-S and PGRP-L (Dziarski & Gupta, 2005, 2006). As a 
PGRP-L protein, PGRP-LC of Drosophila has been shown 
to bind Dap-type PGN and trigger the Imd immune pathway 
(Hoffmann, 2003; Kaneko et al., 2006; Takehana et al., 2004). 
Structural analysis of the Drosophila TCT/PGRP-LCx-LCa 
complex has revealed the AA of PGRP-LCx contributing to 
the binding of TCT as well as the assist binding residues of 
PGRP-LCa (Chang et al., 2006). Interestingly, bees, including 
bumblebees and honeybees, share limited immune genes, 
including PGRPs, compared to Drosophila and mosquitos 
(Barribeau et al., 2015; Evans et al., 2006; Honeybee Genome 
Sequencing, 2006; Sadd et al., 2015). The 3’RACE results 
of B. lantschouensis PGRP-LC proved that only one type 
of PGRP-LC existed in bumblebees, which differed from 
the three splicing proteins (PGRP-LCx, a, y) of Drosophila, 
consisting of four exons (Fig 1C and S1). The length of the 
gene is 2742 bp and produces a transcript of 1254 bp (Fig 1B) 
(Sadd et al., 2015). In the current study, PGRP-LC genes from 
16 bumblebee species of seven subgenera were examined for 
phylogenetic relationships (Fig 1A). The alignment showed 
that PGRP-LCs share high identity among bumblebees and 
that species belonging to the same subgenus exhibit higher 
identity, with several non-conserved sites mainly located 
on the intracellular domain and PGRP domain in different 
species (Fig 2). Further phylogenetic analysis showed 
that the evolutionary relationship of PGRP-LCs from 
different subgenera (Subterraneobombus, Megabombus, 
Fig 5. Sequence alignment and structural overlap among Bl-PGRP-LC, Dm-PGRP-LCx and Dm-PGRP-LCa. A. Optimization of the 
expression conditions for pGEX-6p-1/Bl-PGRP-LC, including OD values and IPTG concentrations at 16 °C for 4 h. M: Protein molecular 
weight marker; S: supernatant; P: pellet; OD values: 0.4, 0.6, 0.8, 1.0; IPTG concentrations: 0, 0.1, 0.2, 0.4, 0.6, 1.0 mM; the target 
proteins are marked by a red triangle. B. Purification of the GST-Bl-PGRP-LC fusion protein and Bl-PGRP-LC protein. M: Protein 
molecular weight marker. Lane 1: Collected supernatants were purified using a GST column; Lane 2: GST-Bl-PGRP-LC purified using a 
Superdex200 10/300 increase column after the GST column. C. Cleavage of the GST-tag from GST-Bl-PGRP-LC using the PSP enzyme 
(kept in our lab), +: add PSP enzyme, Blank: without PSP enzyme.
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Melanobombus, Bombus) was consistent with the phylogeny 
obtained for bumblebee subgenera using the COI gene (Fig 3) 
(Paulh. Williams et al., 2012). Moreover, Bombus and Apis 
were found in parallel clades, distant from the solitary bee 
(Megachile rotundata) clade, coinciding with the social 
evolution of bees (Fig 3). Hence, we hypothesize that the 
immune gene PGRP-LC possesses a similar evolutionary 
tendency as the evolution of sociality among bee species.
Bl-PGRP-LC shares greater than 45% identity with 
Drosophila PGRP-LC and higher identity with LCx than 
LCa (Fig 6B). Structural analysis showed that Bl-PGRP-LC 
retains the topology of Drosophila PGRP-LCx and PGRP-
LCa, with conserved disulfide bonds, and that the binding 
residues contributing to interaction in the TCT/PGRP-LCx-
LCa complex are highly conserved, except for Leu397 and 
Ser312 (Fig 6A and C). As the 16 bumblebee species share 
these conserved residues (Fig 2), Bl-PGRP-LC might 
possess a binding function similar to that of Drosophila 
PGRP-LCx with Dap-type PGNs. However, Bl-PGRP-LC 
has shorter β5 and β1 sheets and longer β2, β3, and β4 sheets; 
additionally, the β2 and β3 sheets point toward the center of 
the PGN binding groove (Fig 6A). Based on this, Bl-PGRP-
LC also might have a narrow binding groove, which might 
impede binding of certain PGNs. Therefore, expression 
and purification of Bl-PGRP-LC was performed in vitro. 
Bl-PGRP-LC was expressed as inclusion bodies under 
conditions of diverse OD values and IPTG concentrations 
using the pET21a vector, with a predicted mass weight of 
21 kDa (Fig 4). However, using the pGEX-6p-1 vector, Bl-
PGRP-LC was expressed as a mixture of inclusion bodies 
and soluble protein, and the optimal expression conditions 
were OD=0.8, 0.6 mM IPTG, 16 °C (Fig 5A). After further 
purification using a GST column and a Superdex 200 10/300 
increase column, we obtained a pure GST-Bl-PGRP-LC 
fusion protein (Fig 5B). This fusion protein will be used for 
pull-down of upstream and downstream proteins interacting 
with Bl-PGRP-LC, which may be involved in the immune 
response. In addition, pure Bl-PGRP-LC without tags was 
obtained via PSP enzyme digestion on the GST column and 
further Sephadex chromatography (Fig 5C). Pure Bl-PGRP-
LC may be used for preparation of a monoclonal antibody 
and crystallization.
In conclusion, this study highlights the evolutionary 
relationship of PGRP-LC among B. impetuosus, B. melanurus, 
B. difficillimus, B. lemniscatus, B. ladakhensis, B. friseanus, B. 
keriensis, B. pyrosoma, B. koreanus, B. ignitus, B. lantschouensis, 
B. longipennis, B. consobrinus, B. picipes, B. patagiatus, 
B. kashmirensis, B. terrestris, B. impatiens, E. mexicana, 
A. florea, A. dorsata, A. cerana, A. mellifera, M. rotundata 
and D. novaeangliae in Apidae and their interactions with 
Dap-type PGNs. In addition, soluble GST-tag Bl-PGRP-LC 
and Bl-PGRP-LC were successfully expressed and purified. 
Fig 6. Sequence alignment and structural overlap among Bl-PGRP-LC, Dm-PGRP-LCx and Dm-PGRP-LCa. A. Superimposition of the 
modeled structure of Bl-PGRP-LC using the Swiss-Model sever (https://www.swissmodel.expasy.org/) and Dm-PGRP-LCx and Dm-PGRP-
LCa; a disulfide bond is marked by sticks. B. Comparison of the contact residues involved in the binding of TCT by Dm-PGRP-LCx and 
Bl-PGRP-LC; residues are marked by sticks and colored by cyan and blue for Drosophila and Bombus, respectively. C. Sequence alignment 
of PGRP domains between Bl-PGRP-LC and Dm-PGRP-LC(x/a).
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This material will be very important for further study on the 
function and structure of bumblebee PGRP-LC.
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